INTRODUCTION
New genes in a genome are commonly originated by duplication, chromosomal rearrangements, and subsequent divergence from pre-existing genes (Lawton-Rauh 2003) . Gene duplication may occur by local or genome-wide events, such as polyploidization, and lead to the formation of a gene family. A gene family is a set of similar genes formed by duplication that generally share related biochemical functions. Most genes within a plant genome belong to gene families that originated as tandem duplicates, dispersed duplications, or genome-wide duplications, and are often arranged in clusters (Chen et al. 2007; Jia et al. 2015; Wu et al. 2014) .
A great number of gene families were described in plant genomes, including the phytochrome photoreceptor family in tomato (Alba 2000) , the apyrase family in legumes that plays an important role in nutrition, photomorphogenesis, and nodulation (Cannon et al. 2003) , and the calmodulin family in Solanaceae, which codes for different calcium sensor isoforms (Zhao et al. 2013 ). In addition, most resistance genes belong to gene families and are found in clusters (Hulbert et al. 2001; Andolfo et al. 2013) . In some cases, gene family members are highly similar and produce large amounts of a single product, usually needed in a demanding metabolic process (Walsh et al. 2001) . These gene families are subject to concerted evolution, maintaining highly similar copies by repeated gene conversion. In contrast, other gene families present dissimilar copies that recombine and exchange fragments, generating new allelic forms and increased variability (Ashfield et al. 2012) . In addition, gene families whose members are arranged in clusters can suffer gene-size amplification by tandem duplications (due to replication slippage or unequal recombination), duplications of large regions (even the whole genome), transposition of DNA sequences, or retrotransposition of RNA transcripts (Thornton et al. 2000) . The birth-and-death model of gene families implies that whereas some duplicated genes are maintained in the genome for a long time, others are deleted or inactivated through deleterious mutations (Nei and Rooney 2005) . It has been suggested that disease resistance loci followed this model of evolution in plants ( Michelmore and Meyers 1998; Nam et al. 2004 ).
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Their selective effects and population genetic parameters, such as effective population size, will determine the fate of these genomic changes.
In this work, we studied the evolution of two resistance gene families in the genus Solanum, family Solanaceae. We focused on resistance gene families because they show a complex evolution in previous studies of the family Solanaceae (Bakker et al. 2011; Lozano et al. 2012) . The resistance gene family, Sw5, which was described in the wild tomato Solanum peruvianum (Spassova et al. 2001) , is involved in the resistance to the Tomato Spotted Wilt Virus. In particular, the Sw5-b gene copy confers resistance to this virus, and it has been mapped to the long arm of chromosome 9 in the tomato genome (Chagué et al. 1996; Stevens et al. 1992 Stevens et al. , 1995 . The gene Mi-1.2 confers resistance to the potato aphid Macrosiphum euphorbiae, the whitefly Bemisia tabaci, and a group of root-knot nematodes of the genus Meloidogyne (Dropkin 1969; Nombela et al. 2003; Rossi et al. 2003; Jablonska et al. 2007 ). This gene belongs to the Mi-1 gene family, which forms a cluster of seven copies located in the short arm of chromosome 6 and two copies located in chromosome 5 of the Solanum lycopersicum nuclear genome (Seah et al. 2004; . Approximately 45 Mi-1 homologues were identified in the genome of Solanum tuberosum diploid heterozygous line RH89-039-16; five times more than those in tomato (Sanchez-Puerta and Masuelli 2011). However, because the potato line analyzed was heterozygous, it was difficult to determine whether those homologues were actual genes or different alleles (Sanchez-Puerta and Masuelli 2011) . The genomic arrangement, number of copies, integrity, and evolution of these gene families in solanaceous species remain unclear. D r a f t 5 genes (Waxy, Atg-1, Ufm-1) not related to pathogen resistance.
MATERIALS AND METHODS

Nucleotide data
The genomes of Solanum lycopersicum cultivar 'Heinz 1706' and a double monoploid of Solanum tuberosum Group Phureja DM1-3 516R44 were analyzed with Blast. Query sequences included the Sw5-b gene from S. lycopersicum cultivar Stevens (AY007366; 3740 bp), the Mi-1.2 gene from S. lycopersicum variety Motelle (AF091048, 3849 bp), Hero from S. lycopersicum (NM_001247066; 4280 bp), Gpa2 from S. tuberosum (AF195939; 2710 bp), Pto from S. peruvianum (DQ019220; 915 bp), Ufm-1 from Arabidopsis thaliana (NM_106420.4; 647 bp), Waxy from S. tuberosum (EU548081.1; 1320 bp), and Agt1 from A. thaliana (NM_126925.4; 1540 bp). All hits with coverage >450 bp and E-value <1e -50 , including full length and truncated copies, were extracted from the genomic sequences. Coding sequences from Capsicum annuum cultivar CM334 genome (Kim et al. 2014) were analyzed with BLAST to identify all homologues to the genes Sw5-b and Mi-1.2. C. annuum is closely related to the genus Solanum and it can be helpful to analyze the evolutionary history of resistance gene families in potato and tomato.
Chromosome maps were drawn with Vector NTI (Lu et al. 2005) and edited with Adobe Illustrator. The approximate location of centromeres in the potato and tomato chromosomes was estimated from Park et al. (2007) and SolGenomics Network, respectively.
Phylogenetic analyses
Sw5 and Mi-1 homologues identified in potato, tomato, and hot pepper were aligned individually using MacClade (Maddison and Maddison, 2000) . Each nucleotide alignment was subjected to manual editing taking into account the encoded amino acid sequences to identify positional homology. Maximum likelihood analyses were performed with Garli 0.951 (Zwickl 2006) under the General Time Reversible model with parameters for invariant sites and gammadistributed rate heterogeneity (4 categories). One hundred bootstrap replicates were performed. D r a f t
RESULTS
Sw5 gene family is four times greater in potato than in tomato
BLAST searches of Sw5-b against the nuclear genomes of S. lycopersicum and S. tuberosum yielded 9 (SlySw5h) and 36 (StbSw5h) homologues, respectively (Table S1 ). Only one homologue (SlySw5h3 from tomato) covered the entire gene length (3740 bp) and the rest were variable in size (due to indels), ranging from 490 to 4,572 bp (Table S1 ). Out of 45 Sw5 homologues identified in both Solanum species, 44 were classified as pseudogenes because they were truncated, contained premature stop codons, or had indels that led to frameshifts. The identity between potato homologues and the gene Sw5-b was 73-94%; and between tomato homologues and Sw5-b was 77-97% (Table S1 ). We identified 26 Sw5 homologues in Capsicum annuum, which were located in chromosomes 3, 7, and 10 (Table S3 ). The Sw5 tomato homologues were found in four chromosomes (chr 1, 6, 9 and 12), while those in the potato genome were identified in seven different chromosomes (chr 1, 5, 6, 7, 8, 9 and 11) (Figure 1 ).
There were several non-syntenic Sw5 homologues between potato and tomato genomes, such as those found in the potato chromosomes 1, 5, 6, 7, 8 and 11 and those in chromosomes 6 and 12 of tomato (Figure 1 ). Most Sw5 homologues were clustered in chromosomes 9 of both tomato and potato genomes. A particularly dense area encompassed 17 Sw5 homologues clustered within ~360 kb of chromosome 9 of S. tuberosum.
Mi-1 homologues were mainly pseudogenes and clustered in chromosome 6 of tomato and potato
A BLAST search of Mi-1.2 homologues against the complete nuclear genomes of Solanum lycopersicum and S. tuberosum found 16 (SlyMih) and 38 (StbMih) gene copies, respectively, although most of them were not full-length (Table S2 ). The functional gene copy Mi-1.2 of S. lycopersicum has three exons, two of which (exons 2 and 3) are protein-coding exons. The first two exons and introns encompass 1,532 bp and were identified only in 5 homologues of the tomato genome under analysis (SlyMih10, SlyMih11, SlyMih12, SlyMih13, and SlyMih14), and in 8 of the 38 homologues in the potato genome (StbMih3, StbMih6, StbMih7, StbMih8, StbMih12, D r a f t StbMih14, StbMih17, and StbMih18) . Exon 3 sequences were recognized in all homologues of tomato and potato showing variable lengths (Table S2) . Out of the 54 Mi-1 homologues identified in both genomes, 51 were classified as pseudogenes because they were truncated, contained premature stop codons, or had indels that led to frameshifts. Pseudogenes were variable in size, ranging from 717 to 5077 bp due to the occurrence of indels. The identity of each potato gene sequence to the tomato Mi-1.2 copy ranged between 76-92%. The three fulllength Mi-1 copies (SlyMih11, SlyMih13, and SlyMih14) were found in the tomato genome and no complete genes were found in the potato genome. The Mi-1 gene family in Capsicum annuum had 71 members located in chromosomes 2, 5 and 6 (Table S3) . Mi-1 homologues were found in three tomato chromosomes (chr 5, 6 and 9), and five chromosomes of potato (chr 2, 4, 5, 6 and 9) (Figure 1 ). Tomato Mi-1 homologues present in chromosome 6 clustered in 2 loci, while those in potato clustered in five loci of the same chromosome (Figure 1 ). The three potato-specific clusters in chromosome 6, along with the homologues StbMih1 (in chromosome 2), StbMih2 (in chromosome 4) and several copies in chromosome 5 have no syntenic copies in tomato ( Figure   1 ).
Comparison with other resistance gene families and single copy genes
Blast searches of additional resistance gene families, Hero, Gpa2, and Pto, against the nuclear genomes of potato and tomato also yielded a greater number of gene copies in S. tuberosum than in S. lycopersicum and those copies were distributed in a higher number of chromosomes of the potato genome (Table 1) . In contrast, low-copy genes (Ufm-1, Waxy and Agt1) had only one copy of each gene in the nuclear genomes of potato and tomato and they were in syntenic locations (Table 1) .
Evolutionary analyses of Sw5 homologues and their genomic distribution
The phylogenetic tree based on Sw5 sequences showed that tomato, potato, and hot pepper Sw5 homologues did not form species-specific monophyletic groups ( Figure 2A ). In most D r a f t 8 cases, homologues found in the same chromosomes in both potato and tomato did not group together in the tree. The distribution of the Sw5 in chromosomes 9 of potato and tomato was compared to their evolutionary relationships ( Figure 2B ). Along chromosome 9, tomato Sw5 homologues were found in three loci (A', B' and C'), and potato homologues in six, where loci D, E and F were not present in tomato. In addition, 17 potato homologues formed a large cluster ( Figure 2B , cluster C). Based on the phylogenetic tree ( Figure 2A ), most of these clustered homologues were closely related to each other, except for StbSw5h8 and StbSw5h21. Finally, we observed a strongly supported sister relationship between the gene copy used as query for the Blast analyses (Sw5b) and the only putatively functional copy of Sw5 identified in this study, SlySw5h3 ( Figure 2A ).
Evolutionary analyses of Mi-1 homologues
A phylogenetic analysis of Mi-1 homologues showed that potato and hot pepper sequences were more numerous and diverse than those from tomato ( Figure 3A ). All homologues from the genus Solanum formed a monophyletic clade divided in two main groups: i) one clade formed by all sequences from chromosome 6 of either tomato or potato, the SlyMih1 and SlyMih2 genes from tomato chromosome 5, and the genes StbMih2 and StbMih36 from potato chromosomes 4 and 5, respectively; and ii) the other clade included the majority of homologues located in chromosomes 2, 5, and 9 of either species ( Figure 3A ). All but one tomato homologue from chromosome 6 clustered in a single highly supported group (BS=100%) embedded within a group of potato sequences from chromosome 6. In contrast, tomato Mi-1 homologues from chromosomes 5 and 9 were interspersed with potato homologues from chromosomes 2, 5, and 9. Individual tomato and potato sequences were not found as sister taxa, except for three pairs of homologues from different chromosomes ( Figure 3A , brackets). In addition, we observed a strongly supported sister relationship between the gene copy used as query for the Blast analyses (Mi-1.2) and one of the functional copies of Mi-1 identified in this study, SlyMih11 (Figure 2A ).
Comparing the physical location of Mi-1 homologues in chromosome 6 of both Solanum species, we observed that Mi-1 copies formed clusters in two and five loci in tomato and potato, respectively ( Figure 3B ). Cluster C in potato was the most highly populated. All homologues found in the two tomato clusters, except for SlyMih16, formed a well-supported clade in the evolutionary tree, closely related to the potato homologues found in chromosome 6 ( Figure 3A ).
Comparative analyses of the potato and tomato clusters revealed the presence of highly similar intergenic regions between clusters A and A' from potato and tomato, respectively, indicating they were homologous. However, gene copies found in the clusters A and A' did not group together in the phylogenetic tree ( Figure 3A ).
DISCUSSION
The availability of genomic sequences from S. tuberosum and S. lycopersicum allowed us to study the evolutionary history of resistance genes in two closely related species of the family Solanaceae. Most resistance genes are organized in tandem arrays, clusters, and super-clusters (Chen et al. 2007; Andolfo et al. 2013) . In this study, tomato and potato sequences of two resistance gene families were often found in clusters, with exceptional members that were distantly located possibly due to duplications followed by translocations. Large resistance gene clusters provide a huge potential for the generation of sequence variation through recombination, facilitating the creation of new alleles or genes upon which pathogen selective pressures act. The investigation of the spatial arrangement of resistance clusters is useful in reconstructing the history of the chromosomal rearrangement that shaped the genome architecture of the ancestral species.
The comparative study we undertook indicated that all gene families analyzed were more numerous in S. tuberosum than in S. lycopersicum, even though their genomes are roughly equal in size (705 Mb and 759 Mb, respectively). This phenomenon may be due to successive duplications in the potato genome or repeated gene losses in tomato. In previous surveys, syntenic comparisons between the tomato and potato genomes indicated that tomato suffered D r a f t the deletion of roughly one-third of the redundant proteome and transposable elements in euchromatic regions (The Tomato Genome Consortium 2012). This study also revealed that the tomato genome has approximately an equal number of resistance genes as A. thaliana, but fewer than grape, rice, and the potato genomes (The Tomato Genome Consortium 2012). Plant resistance gene family evolution has probably been influenced by polyploidization, genome size variation, natural and artificial selection including domestication breeding and cultivation, and gene family interactions (Jia et al. 2015; Wu et al. 2014; Zhong 2015) . Given that the family Solanaceae evolved largely in the absence of polyploidization, except for the cultivated potato, but this event is insignificant in evolutionary times, any increase in the size of resistance gene families should be due to segmental duplications (Wu et al. 2010) . Cross-hybridization experiments in Solanum showed that resistance genes have an ancient origin that predated speciation events in the Solanaceae (Quirin et al. 2012) . After that, tomato and potato genomes suffered small and large rearrangements, along with duplications and deletions that obscured orthologous relationships because neither gene content nor order is strictly conserved (Andolfo et al. 2013 ).
The evolutionary histories of Sw5 and Mi-1 gene families were markedly different.
Individual tomato Sw5 homologues maintained a close phylogenetic relationship with potato and hot pepper sequences. This suggests that several gene copies were present in the ancestor of these Solanaceae due to early segmental duplications. In contrast, sister relationships between tomato, potato and hot pepper Mi-1 sequences were not observed. Instead, tomato homologues formed a highly supported monophyletic group, possible due to recurring gene conversion 
